Correlative microscopy has become an essential technique for determining the relationship between structure and function in cells and tissues on the scale of subcellular organelles and supramolecular assemblies [1] . We have used this approach to combine the nanoscale spatial resolution of electron microscopy (EM) with optical fluorescence imaging to localize specific labeled proteins. Here, we also correlate EM with x-ray fluorescence imaging to localize specific types of diffusible ions.
Correlative microscopy has become an essential technique for determining the relationship between structure and function in cells and tissues on the scale of subcellular organelles and supramolecular assemblies [1] . We have used this approach to combine the nanoscale spatial resolution of electron microscopy (EM) with optical fluorescence imaging to localize specific labeled proteins. Here, we also correlate EM with x-ray fluorescence imaging to localize specific types of diffusible ions.
We first review previous work on correlating energy-filtered transmission EM (EFTEM) images with optical images of specific cellular proteins in plastic sections of cells labeled using antibodies conjugated to fluorescent tags. The resulting elemental distributions obtained in the EFTEM can distinguish between biological molecules, such as nucleic acids containing phosphorus and nitrogen, and proteins containing nitrogen but little phosphorus [2] . In cryo-EM of frozen hydrated samples, it is possible to correlate optical images of genetically encoded fluorophores, e.g., green fluorescent proteins, directly with high-resolution phase-contrast TEM images [3] . Furthermore, by using antibodies doublelabeled with both easily visible fluorescent tags and nanometer-diameter gold atom clusters, which can be imaged by dark-field scanning transmission electron microscopy (STEM), it is possible to localize labeled proteins in the EFTEM images with high precision [4] . Recently, correlative techniques have been further extended to include multicolor EFTEM probes containing rare earth elements that facilitate the labeling of multiple specific cellular proteins using genetically encoded, photoactivated, singlet oxygen generators [5] . On activation with light of different wavelengths, these labels polymerize different rare-earth chelates of diaminobenzidine, which are introduced successively into the specimen; and after sample preparation, the rare-earth atoms are retained near to the locations of the original genetic tags and can be imaged by EFTEM.
Secondly, in the present study, we use correlative imaging to elucidate the mechanism for uptake of manganese ions in Mn 2+ enhanced magnetic resonance imaging of brain, which enables the tracing of neuronal connections [6] . Specimens were prepared by slam-freezing organotypic rat hippocampal slices (cultured in 25 µM Mn 2+ for 24 h). Cryosections cut to a nominal thickness of 80 nm were mounted on copper EM grids and cryo-transferred at liquid nitrogen temperature to an FEI TF30 TEM (Thermo Fisher Scientific). The cryosections were freeze-dried at -90 °C for 20 minutes and were imaged at a dose of <10 4 electrons/nm 2 . Grids were cryo-transferred back from the microscope and shipped cold to Argonne National Laboratory. X-ray elemental images were acquired using the X-ray Bionanoprobe at the Advanced Photon Source [7] , and Mn 2+ distributions were correlated with TEM ultrastructure. Fig. 1 shows correlative TEM and X-ray nanoprobe imaging of manganese in two CA1 hippocampal neurons, from which it is evident that the Mn 2+ is concentrated in Golgi, consistent with a previously reported detoxification process in which Mn 2+ is sequestered into Golgi vesicles [8] . This result illustrates the value of correlative imaging to localize low concentrations of specific ions in organelles that are structurally well characterized [9] . 
